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when it is ectopically expressed (Tanabe et al., 1998). of genes that are sufficient to promote acquisition of a
Thus, in some contexts Hb9 is sufficient to promote particular cell identity.
v-MN identity, making it a candidate v-MN selector gene
in mice.
Judith S. Eisen
If HB9 acts as a selector between interneuron and
Institute of Neuroscience
MN identities, one would predict that absence of HB9
University of Oregonfunction would lead to loss of the MN identity and that
Eugene, Oregon 97403cells would become V2 interneurons instead. Thaler,
Arber, and their colleagues used knockout strategies in
Selected Readingmice to eliminate HB9 function. They found that in the
absence of HB9 protein, v-MNs transiently express the
Appel, B., Korzh, V., Glasgow, E., Thor, S., Edlund, T., Dawid, I.B.,Chx10 transcription factor characteristic of V2 interneur-
and Eisen, J.S. (1995). Development 121, 4117±4125.
ons, and they prematurely downregulate expression of
Arber, S., Han, B., Mendelsohn, M., Smith, M., Jessell, T.M., andthe Isl1 transcription factor characteristic of MNs. How-
Sockanathan, S. (1999). Neuron 23, this issue, 659±674.
ever, and quite surprisingly, these MNs don't become
Eisen, J.S. (1999). Trends Neurosci. 22, 321±326.
interneurons. Instead, they behave like MNs, extending
Halpern, M.E., Thisse, C., Ho, R.K., Thisse, B., Riggleman, B., Trevar-axons to muscle targets and making something at least row, B., Weinberg, E.S., Postlethwait, J.H., and Kimmel, C. (1995).
approximating normal endplates, as judged by expres- Development 121, 4257±4264.
sion of choline acetyltransferase in the MNs and cluster- Kimmel, C.B., Warga, R.M., and Kane, D.A. (1994). Development
ing of acetylcholine receptors on the muscle surface. 120, 265±276.
Thus, in the absence of HB9 function, MNs are phenotypic Leber, S.M., Breedlove, S.M., and Sanes, J.R. (1990). J. Neurosci.
hybrids that transiently express some molecular proper- 10, 2451±2462.
ties of V2 interneurons but also express the morphologi- Pfaff, S.L., Mendelsohn, M., Stewart, C.L., Edlund, T., and Jessell,
cal characteristics of v-MNs. However, although these T.M. (1996). Cell 84, 309±320.
hybrid cells appear more MN-like than interneuron-like, Sharma, K., Sheng., H.Z., Lettieri, K., Li, H., Karavanov, A., Potter,
S., Westphal, H., and Pfaff, S.L. (1998). Cell 95, 817±828.they are not normal. MNs typically have a precise corre-
spondence between soma position, gene expression Tanabe, Y., and Jessell, T.M. (1996). Science 274, 1115±1122.
pattern, and axonal trajectory (Tsuchida et al., 1994; Tanabe, Y., William, C., and Jessell, T.M. (1998). Cell 95, 67±80.
Appel et al., 1995; Tanabe and Jessell, 1996; Sharma et Thaler, J., Harrison, K., Sharma, K., Lettieri, K., Kehrl, J., and Pfaff,
S.L. (1999). Neuron 23, this issue, 675±687.al., 1998; Eisen, 1999), which is lost in the absence of
HB9 function. These studies show that HB9 protein is Tsuchida, T., Ensini, M., Morton, S.B., Baldassare, M., Edlund, T.,
Jessell, T.M., and Pfaff, S.L. (1994). Cell 79, 957±970.not required for specification of MN identity per se. How-
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These studies raise intriguing questions about neu- Creating Barriers:
ronal function and development. Hybrid MNs in embryos
A New Role for Schwann Cellslacking HB9 function project axons to muscle targets
and form motor endplates. Can these MNs activate mus- and Desert Hedgehog
cle? How does the activity pattern relate to that of wild
types? These hybrid MNs lack the normal relationships
between soma position, gene expression, and axonal
Unlike the central nervous system, which resides withintrajectory. How are these features of MN development
the sanctuary of the calvarium and the vertebral canal,related to the choice between MN and interneuron iden-
peripheral nerves are subject to stretching and othertities? Answers to these questions should provide in-
mechanical stresses imposed by movement and pres-sights into the features of MN identity required for proper
sure. To protect against such forces, peripheral nervespathfinding and formation of appropriate synapses with
come equipped with their own structural support in thepre- and postsynaptic partners.
form of an extensive extracellular matrix and a well-We are used to thinking of selector genes acting as
organized connective tissue sheath. This cellular sheathbinary switches that cause a cell to differentiate with
also has the important role of maintaining the integritycharacteristics of one or another cell type. However,
of the internal peripheral nerve environment. It does sothese studies show that, like mermaids and centaurs,
by creating a physical barrier that, under physiologicneurons can simultaneously express characteristics of
conditions, limits the entry of biologically active pro-two different identities. This situation is not unique to
teins, infectious agents, and the migration of blood-mouse v-MNs; loss-of-function studies in other animals
borne cells into the nerve bundles (Peters et al., 1991).provide additional examples. For instance, in zebrafish
Cells of the connective tissue sheath that surroundslacking function of the floating head gene, notochord
nerve fascicles, the perineurium, are joined by tight junc-precursor cells transiently express molecular properties
tions that block diffusion of proteins into the nerve bun-both of notochord and of muscle and ultimately differen-
dles; tight junctions also form between the endothelialtiate into muscle cells (Halpern et al., 1995). Thus, the
cells of capillaries within the nerve bundles themselvescommon view of how cell identity is acquired is too
and constitute a distinct blood±nerve barrier (Olsson,simplistic. We must modify it to account for the new
level of complexity revealed by loss-of-function studies 1990). The signals that regulate the formation of the
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The Connective Tissue Sheath of Peripheral
Nerves
A portion of an adult peripheral nerve is
shown surrounded by the epineurium (in
green). Also shown are several fascicles of
ensheathed and myelinated nerve fibers (in
yellow) that are surrounded by the tubular
connective tissue sheath termed the perineu-
rium (in blue). The endoneurium, the matrix
through which nerve cells travel within the
perineurial sheath, is not shown. At higher
power, the perineurium is seen to consist of
concentric layers (up to 15) of flattened cells
(blue) and basal lamina (black dots); only two
layers are shown here. During development,
the perineurium arises from loose arrays of
mesenchymal cells that are induced by Des-
ert hedgehog (Dhh) from Schwann cells to
undergo an epithelial transition.
perineurium, and the development of its diffusion bar- inhibitory effect of Ptc on the seven-transmembrane
protein Smoothened (Smo), resulting in activation of in-rier, have been unknown. In a report in this issue of
Neuron, Parmantier and colleagues (1999) provide strong tracellular signaling pathways and transcription factors.
Parmantier et al. (1999) found that immature Schwannevidence that Schwann cells induce the formation of
the perineurium, which normally acts as the tissue± cells express Dhh, whereas perineurial precursors ex-
press Ptc, consistent with a paracrine signaling mecha-nerve diffusion barrier, and that they do so via the sig-
naling molecule Desert hedgehog (Dhh) (Parmantier et nism. Dhh expression was maximal in embryonic Schwann
cells but continued to be expressed postnatally by my-al., 1999).
Before considering their results in more detail, it is elinating, rather than ensheathing, Schwann cells. Par-
mantier et al. (1999) next analyzed the peripheral nervesuseful to briefly consider the components of the connec-
tive tissue sheath of peripheral nerves. These include of mice nullizygous for dhh, which have defects in sper-
matogenesis but otherwise develop normally (Bitgoodthe epineurium, which surrounds the entire nerve, the
perineurium, which surrounds the nerve fascicles, and et al., 1996). Strikingly, all components of the connective
tissue sheathÐi.e., the epi-, peri-, and endoneuriumÐthe endoneurium, which is the connective tissue within
the perineurium associated with the nerves themselves were grossly defective in these mice, whereas myelin-
ated and ensheathed nerve fibers had normal morpholo-(see figure). Of particular interest for the barrier function
of the connective tissue sheath, and the principal focus gies. Both the epi- and perineurium were disorganized
and poorly compacted, the perineurium had few cellof the studies described by Parmantier et al. (1999), is
the perineurium. This is a compact, multilayered ar- layers, and perineural cells were ectopically located
within the endoneurial space and failed to express therangement of flattened polygonal cells and basal lamina
that are concentrically organized around fascicles of gap junction protein connexin 43. Of particular interest,
the barrier function of the perineurium was deficientnerve fibers. Perineurial cells are of mesenchymal origin
(Bunge et al., 1989). They initially form a loose, perme- as evidenced by the ability of injected proteins, and
neutrophils elicited by local injection of bacterial anti-able sheath around axons and Schwann cells, which
may recruit them from the surrounding mesenchyme, gens, to cross the perineurium. Consistent with loss of
the diffusion barrier, ultrastructural studies revealed thatand from which they are separated by the extracellular
matrix (Du Plessis et al., 1996). These cells later undergo the tight junctions between perineurial cells were abnor-
mal despite the expression of several tight junction pro-a mesenchymal-to-epithelial transition, forming tight
junctions and gap junctions and organizing into the peri- teins.
From these and other studies, Schwann cells haveneurium proper.
Parmantier et al. (1999) have now addressed the sig- emerged as key regulators of peripheral nerve develop-
ment, being required for the survival of neurons (Rieth-nals that promote mesenchymal cells to form the peri-
neurium. An important starting point for these studies macher et al., 1997), the distribution of ion channels
along nerve fibers (Salzer, 1997), and, with this report,was the observation of Bitgood and McMahon (1995)
that Dhh was expressed by Schwann cell precursors the development of the connective tissue sheath and
the nerve±tissue barrier. Of course, Schwann cells arein developing peripheral nerves. Dhh is one of three
members of the Hedgehog family of intercellular signal- themselves subject to dramatic regulation by neurons,
and these studies raise the intriguing question as toing molecules that are expressed in higher vertebrates
and that play key roles in patterning of the embryo (In- whether neurons regulate Schwann cell expression of
Dhh and, thereby, perineurial sheath development. Thegham, 1998). After Hedgehog proteins are secreted, they
undergo proteolysis and covalent linkage to cholesterol, formation and integrity of the blood±nerve barrier ap-
pears to be dependent on axonal signals (Bouldin etwhich promotes their association with the cell surface
and their ability to signal via their cognate receptor, al., 1991); whether the perineurial diffusion barrier is
similarly dependent is as yet unclear (Olsson, 1990).Patched (Ptc), a multipass transmembrane protein. Bind-
ing of Hedgehog to Ptc is thought to relieve the normal These studies will likely spur renewed interest into the
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physiologic role of the perineurial barrier. dhh null mice transduction and cell surface receptor expression. Re-
cent studies have suggested that, in some cases, GPCR-may provide a useful model for investigations of the
biological function of this barrier, both in physiologic mediated endocytosis may also be important for mediat-
ing other biological actions of receptor occupancy.and pathologic settings. They may have an ancillary
benefit for investigations of other aspects of peripheral These other actions influenced by receptor endocytosis
may include physiologic responses such as tolerance,nerve development, since the absence of a perineurial
barrier renders the nerves in these mice much more dependence, and even the therapeutic actions of vari-
ous drugs (see Roth et al., 1998, for a recent review).accessible to experimental manipulation. These studies
also raise the question of whether Dhh plays a role in For GPCRs in general, activation is usually followed by
a cascade of events that includes receptor phosphoryla-the development of tight junctions between endothelial
cells within the endoneurium and, by analogy, in the tion, desensitization, and internalization. It has been
clear for some time, however, that efficacy does notblood±brain barrier. Finally, as the initial recruitment of
mesenchymal cells around axon±Schwann cell units in always directly correlate with receptor phosphorylation,
desensitization, and internalization (Keith et al., 1996; Yuembryonic peripheral nerves was unaffected in the dhh
null mice, other signals distinct from Dhh must be in- et al., 1997; see figure). In some cases, even antagonists,
which cannot activate receptors, cause GPCR internal-volved and remain to be identified.
By demonstrating a key role of Schwann cells and Dhh ization (Willins et al., 1999).
With these findings as a backdrop, Whistler et al.in the formation of the perineurium and the nerve±tissue
(1999) present intriguing data in this issue of Neurondiffusion barrier, the authors have opened a new and
which suggest that the differential biological actions ofpromising window into these and other unresolved
drugs may depend, in part, on their abilities to inducequestions of peripheral nerve development.
endocytosis. They use m opioid receptors, which medi-
ate many of the analgesic, rewarding, and addictive
properties of opioids (Matthes et al., 1996), as a modelJames L. Salzer
system in which to probe the consequences of GPCRDepartment of Cell Biology and Neurology
endocytosis.New York University Medical Center
In their first experiments, Whistler et al. (1999) confirmNew York, New York 10016
previous observations (Keith et al., 1996) that even
though morphine, a highly addictive opioid, can activate
Selected Reading m receptors, it does not readily induce internalization.
Other drugs that also activate m receptors, such as
Bitgood, M.J., and McMahon, A.P. (1995). Dev. Biol. 172, 126±138. DAMGO (an enkephalin analog) and methadone, cause
Bitgood, M.J., Shen, L., and McMahon, A.P. (1996). Curr. Biol. 6, internalization of m receptors (see figure). To determine
298±304. if the differential effects of these drugs on internalization
Bouldin, T.W., Earnhardt, T.S., and Goines, N.D. (1991). J. Neuropa- were due to differential receptor activation, Whistler et
thol. Exp. Neurol. 50, 719±728.
al. (1999) measured receptor-mediated activation of in-
Bunge, M.B., Wood, P.M., Tynan, L.B., Bates, M.L., and Sanes, J.R. wardly rectifying potassium channels (GIRKs). Using this
(1989). Science 243, 229±231.
system, they demonstrate that morphine is only margin-
Du Plessis, D.G., Mouton, Y.M., Muller, C.J., and Geiger, D.H. (1996).
ally less effective than DAMGO and substantially moreJ. Anat. 189, 631±641.
effective than methadone in GIRK activation. Thus, the
Ingham, P.W. (1998). EMBO J. 17, 3505±3511.
differences in the ability of morphine, DAMGO, and
Olsson, Y. (1990). Crit. Rev. Neurobiol. 5, 265±311.
methadone to induce endocytosis cannot be due to
Parmantier, E., Lynn, B., Lawson, D., Turmaine, M., Namini, S.S., differences in agonist efficacy.
Chakrabarti, L., McMahon, A.P., Jessen, K.R., and Mirsky, R. (1999).
Whistler et al. (1999) next probe the molecular detailsNeuron 23, this issue, 713±724.
responsible for the differential abilities of morphine,Peters, A., Palay, S.L., and Webster, H.D. (1991). The Fine Structure
DAMGO, and methadone to induce internalization. Toof the Nervous System, Third Edition (New York: Oxford University
accomplish this, they construct a chimeric m/d opioidPress).
receptor, in which the cytoplasmic C terminus of the mRiethmacher, D., Sonnenberg-Riethmacher, E., Brinkmann, V., Ya-
maai, T., Lewin, G.R., and Birchmeier, C. (1997). Nature 389, receptor is replaced with the C terminus of the d recep-
725±730. tor. This chimeric receptor readily endocytoses in re-
Salzer, J.L. (1997). Neuron 18, 843±846. sponse to morphine (see figure). A critical observation
is that, even though chimeric receptors are internalized
after morphine exposure, morphine's relative efficacy
(as measured by GIRK activation) is unaffected. They
then show that the chimeric receptor can also be phos-
phorylated following exposure to morphine, whereas theWhat's All the RAVE
native receptor cannot (see figure).about Receptor Internalization? Following receptor phosphorylation, arrestins are fre-
quently recruited to the plasma membrane, where they
facilitate endocytosis by serving as scaffolding proteins
that bind to clathrin (Ferguson et al., 1996; Goodman etFor some time, it has been assumed that the general
role receptor endocytosis plays in G protein±coupled al., 1996) (see figure). Whistler et al. (1999) find that
morphine fails to cause arrestin translocation from thereceptor (GPCR) actions is in the regulation of signal
